Glutamate receptors are the primary excitatory neurotransmitter receptors in vertebrate brain and are of critical importance to a wide variety of neurological processes. Recent reports suggest that ionotropic glutamate receptors may have a unique transmembrane topology not shared by other ligand-gated ion channels. We report here the cloning ofcDNAs from goldfish brain encoding two homologous kainate receptors with protein molecular masses of 41 kDa. Using a cell-free translation/translocation system, we show that (i) a portion of these receptors previously thought to be a large intracellular loop is actually located extracellularly and (ii) the putative second transmembrane region of the receptor thought to line the ion channel may not be a true membrane-spnning domain. An alternative model for the transmembrane topology of kainate receptors is proposed that could potentially serve as a framework for future detailed study of the structure of this important class of neurotransmitter receptors.
The ionotropic glutamate receptors have been subdivided into a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)/kainate receptors and N-methyl-D-aspartate (NMDA) receptors according to their selective agonists (1) , and recent advances indicate a high degree of molecular and functional diversity (2) (3) (4) . Ionotropic glutamate receptors have generally been thought to belong to the superfamily of ligand-gated ion channels, which consists of nicotinic acetylcholine receptors, y-aminobutyric acid receptors, glycine receptors, and a subtype of serotonin receptors. The proposed structural features of this family are four transmembrane domains (TMs), with both the N and C termini located extracellularly and a large cytoplasmic loop between TM III and TM IV (see Fig. 4A ). However, important differences exist between ionotropic glutamate receptors and other ligand-gated ion channels: (i) the overall sequence identity is <20%o, (ii) ionotropic glutamate receptor subunits are generally twice the size of the others (100 kDa vs. 50-60 kDa), and (iii) some well-conserved sequence patterns are missing from ionotropic glutamate receptors, such as a proline in TM I and two precisely conserved cysteine residues in the N-terminal extracellular domain. Therefore, the relationship between ionotropic glutamate receptors and other ligandgated ion channels is fairly remote. Little biochemical evidence is available to support a four-TM model for ionotropic glutamate receptors. Recently, the C-terminal tail of a subtype (NMDAR1) of the NMDA receptor was shown, using protein kinase C phosphorylation, to be located intracellularly (5) . This is consistent with an earlier observation that antibodies raised against the C-terminal peptide of a rat brain AMPA/kainate receptor stain the cytoplasmic side of the membrane (6) . These findings suggest that ionotropic glutamate receptors may have a unique topology.
The brains of nonmammalian vertebrates have a much greater density ofhigh-affinity kainate receptors than those of mammals (7) (8) (9) . Kainate binding proteins with molecular masses of 50 kDa cloned from frog (10) and chicken (11) brains exhibit significant sequence homologies with the C-terminal portions of the much larger 100-kDa rat brain AMPA/kainate receptors (12) . Although ion-channel activity has yet to be demonstrated for these nonmammalian kainate receptors, they have been implicated in the process of synapse formation in the avian brain (13) . The sequence homologies and similar hydropathy plots suggest that their secondary and tertiary structures will be similar to the C-terminal portion of the AMPA/kainate receptors. Therefore, insights gained from the study of the 50-kDa kainate receptors should also shed light on the transmembrane orientation of the 100-kDa ionotropic glutamate receptors.
Two kainate receptor proteins of 41 and 45 kDa have been purified from goldfish brain (14, 15) . Treatment with N-glycosidase F indicated that the 45-kDa protein is N-glycosylated but that the 41-kDa protein apparently is not (15) . A 17-amino acid sequence was obtained from the 41-kDa protein that has significant homology with a conserved segment of the cloned frog and chicken kainate binding proteins and the 100-kDa mammalian AMPA/kainate receptors (15) . We report here the cloning of the cDNAs for two proteins corresponding to the previously purified 41-and 45-kDa proteins.* N-glycosylation ofthese two cloned goldfish brain kainate receptors (GFKARs) was explored using a rabbit reticulocyte lysate in vitro translation/translocation system, supplemented with canine pancreatic microsomal membranes. This system has been used widely for detailed study of the topology of membrane proteins (16) (15, 23) . The affinity of kainate for GFKARa is too low to detect accurately.
Comparison of the hydropathy plots for GFKARa and GFKARI3 with frog (10) and chicken (11) 
Synthesis and Glycosyation of the Native and Mutant
GFKARain Vitro. In the absence of microsomal membranes, a 41-kDa protein is translated using both cDNAs ( Fig. 2A) . In the presence of microsomes, the 41-kDa GFKARa is converted into two species with higher apparent molecular masses (lane 2). The transfer ofeach high-mannose precursor oligosaccharide would result in an increase of -3 kDa in the apparent molecular mass of the translated protein (25) , and the two species seen in Fig. 2A (lane 2 (15) .
To locate the attachment sites of oligosaccharide chains, three truncated forms of GFKARa were generated using restriction enzymes (Sty I, BstNI, and Mvn I), and the N-terminal portion of the protein was translated using the in vitro system (Fig. 2B) 4). Nevertheless, an additional oligosaccharide moiety remains, indicating that the protein is also glycosylated at a second site (presumably either Asn333 or Asn340). These results confirm that Asn307 in GFKARa is a functional N-glycosylation site and that at least a portion ofthe segment between TM III and TM IV is extracellular.
HT D GK E N A E T L L K E R T K RO
Synthesis and Glycosylation of Pla Chimera. GFKARP has one potential N-glycosylation site (Asn333), but it is not glycosylated. Asn333 could be located cytoplasmically or could be extracellular but not functional. To distinguish these two possibilities, a a chimera was constructed at a Sty I site with the N-terminal half from GFKARB and the C-terminal half from GFKARa (Fig. 3A) . The chimera contains the functional Asn3O7 of GFKARa and probably another functional site (either Asn333 or Asn340). The transmembrane location of Asn"7 and the remaining C-terminal part should depend on the N-terminal part of GFKAR(3. The 41-kDa translation product of the ,Ba chimera is converted to two higher molecular mass species in the presence of microsomal membranes (Fig. 3A, lane 2) and is sensitive to endo H. This indicates that the N-terminal part of GFKARB, before Asn3W, has the same transmembrane topology as GFKARa.
Thus, Asn333 of GFKARB is probably located extracellularly but is not functional. Syntheak and Gly yayin of aATMU Mutant. If at least a portion of the protein between TM HI and TM IV is extracellular, then either an additional membrane-spanning region is present or one of the first three proposed membrane spanning regions does not traverse the membrane. Since TM H is the least hydrophobic, this segment was deleted from native GFKARa, and the mutated protein (aATMH) was expressed in the in vitro system. The translation product in the absence of microsomal membranes was slightly smallerthan the native protein (Fig. 3B,  lane 4) , but upon addition of microsomal membranes, the product was glycosylated (lane 5). Deletion ofa true TM would place the glycosylation sites on the cytoplasmic side of the membrane. Since the resulting protein is still glycosylated, TM H probably does not span the membrane.
DISCUSSION
Asn" of GFKARa is a functional oligosaccharide attachment site, and consequently, the sequence surrounding Asn" is likely to be located extracellularly. Also, TM II does not seem to span the membrane in the initial translation/ translocation steps. These conclusions contradict the original model of four TMs (10, 11) . The simplest explanation for the data is that the mature polypeptide has three TMs (Fig. 4B) . In the coupled translation/translocation process, insertion into the membrane is in a sequential fashion from the N to C terminus (25) . The signal sequence would place the N terminus extracellularly, the sequence between TM I and TM III would remain cytoplasmic, the sequence between TM III and TM IV would be translocated extracellularly, and the C-terminal portion after TM IV would be cytoplasmic.
This model raises several testable points. (i) The ligand binding domain might be formed by the extracellular N-terminal domain and the segment between TM m and TM IV. A two-domain glutamate binding site has been suggested based on sequence similarity to a bacterial glutamine transporter (12) . In addition, the alternatively spliced "flip" and "flop" modules of AMPA receptors have recently been suggested to be on the extracellular side of the membrane (28) .
(ii) This model (Fig. 4B) does not preclude the involvement of TM II in the formation of the channel pore, as has been suggested from a large number of site-directed mutagenesis experiments on AMPA/kainate receptors from rat brain (2-4) . By assuming the four-TM model (Fig. 4A) (30) . In this model, Asn598 would be close to the external surface, whereas electrical measurements of the site place it close to the internal surface (31) . Also, in the genomic sequence, the C-terminal portion of TM II (unlike the other three putative TMs) is split by an intron, an unusual arrangement for an intact structural domain (32, 33) . We speculate that TM II, although not a true TM, could insert itself into the channel pore during receptor subunit folding and assembly into the oligomer complex (Fig. 4C) . A similar scenario has been proposed for voltage-gated K+ channels (34 Seeburg (28) . This would place an additional TM between the phosphorylation site in GluR6 and the N-glycosylation site of GFKARa. This region, which consists of "30 amino acids in both the 50-kDa kainate receptors and the 100-kDa AMPA/kainate receptors, is relatively hydrophilic and contains scattered charged amino acids. Therefore, this region does not seem to be a likely candidate for a TM. Distinguishing between the three-and five-TM models will require additional experimental work.
The difference in transmembrane topology and lack of sequence homology between the ionotropic glutamate receptor family and other ligand-gated ion channels may suggest that the glutamate receptor family arose from a different ancestral gene. The fact that the two families are both ligand-gated ion channels may be a case of functional convergence rather than evolution from a common ancestor.
Clearly, the correct assinment of the transmembrane topology of the 50-kDa kainate receptors from nonmammalian vertebrates and the 100-kDa ionotropic glutamate receptors will be a crucial step toward understanding the structure of the ligand binding domain, the formation ofthe channel pore, and the regulatory sites of this class of neurotransmitter receptors.
